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incoming stimuli across the sensory systems. The purpose of the research presented in this dissertation
was to characterize these processes in the mouse olfactory bulb (OB) and to determine if OB
acetylcholine (ACh) has a role in physiological and behavioral olfactory dishabituation. Calcium imaging
was used to determine the timecourse and magnitude of habituation in different parts of the OB during
and after a prolonged odor presentation. Widefield imaging of the dendritic, or glomerular, response of OB
output cells demonstrated that prolonged odor input habituates glomerular responses during the
presentation as well as to subsequent presentations of the odor. Manipulation of OB ACh release during
prolonged odor presentations using electrical stimulation dishabituated these decreased glomerular odor
responses. A novel behavioral investigation paradigm was developed to see how prolonged odor input
affects odor salience in awake, behaving mice. Optogenetic stimulation of OB cholinergic neurons rapidly
modulated odor salience in this paradigm, causing mice to suddenly investigate a previously ignored
odor. Non-olfactory sensory stimulation also dishabituated odor investigation and this increase could be
blocked pharmacologically with a cholinergic antagonist in the OB, demonstrating the ecological validity
of this ACh effect. Two-photon imaging revealed that, unlike the glomerular responses, soma responses
of different OB cell types can be quite different from each other during a prolonged odor presentation.
These results highlight the need for future studies that explore the role of different OB cell types in the
representation of olfactory information over time and behavioral dishabituation.
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ABSTRACT
Habituation and dishabituation modulate the neural resources and behavioral
significance allocated to incoming stimuli across the sensory systems. The purpose of the
research presented in this dissertation was to characterize these processes in the mouse
olfactory bulb (OB) and to determine if OB acetylcholine (ACh) has a role in
physiological and behavioral olfactory dishabituation. Calcium imaging was used to
determine the timecourse and magnitude of habituation in different parts of the OB
during and after a prolonged odor presentation. Widefield imaging of the dendritic, or
glomerular, response of OB output cells demonstrated that prolonged odor input
habituates glomerular responses during the presentation as well as to subsequent
presentations of the odor. Manipulation of OB ACh release during prolonged odor
presentations using electrical stimulation dishabituated these decreased glomerular odor
responses. A novel behavioral investigation paradigm was developed to see how
prolonged odor input affects odor salience in awake, behaving mice. Optogenetic
stimulation of OB cholinergic neurons rapidly modulated odor salience in this paradigm,
causing mice to suddenly investigate a previously ignored odor. Non-olfactory sensory
stimulation also dishabituated odor investigation and this increase could be blocked
pharmacologically with a cholinergic antagonist in the OB, demonstrating the ecological
validity of this ACh effect. Two-photon imaging revealed that, unlike the glomerular
responses, soma responses of different OB cell types can be quite different from each
other during a prolonged odor presentation. These results highlight the need for future
studies that explore the role of different OB cell types in the representation of olfactory
information over time and behavioral dishabituation.
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CHAPTER 1.

INTRODUCTION

Background
The olfactory bulb (OB) is a unique model system for studying sensory
processing in the brain (Shipley and Ennis, 1996; Imai, 2014; Nagayama et al., 2014).
While external information makes its way from the periphery to the cortex via the
thalamus in other sensory systems, in the olfactory system, odor information is processed
in the OBs before projecting to cortical areas. Olfaction begins when odors bind to
olfactory receptors on olfactory sensory neurons (OSNs) in the nasal epithelium. Each
OSN expresses only one type of olfactory receptor and all the OSNs that express the
same receptor type project their axons to a single location in the OB (Mori et al., 1999;
Feinstein and Mombaerts, 2004). This site, known as a glomerulus, is a dense collection
of the dendrites of OB output (mitral/tufted) cells and interneurons. Because odors bind
differentially to the olfactory receptors, each odor generates a unique pattern of
glomerular activation (Mori et al., 1999, 2006). Each output cell receives axodendritic
OSN odor input from only a single glomerulus, and therefore, reflects the activity of a
single type of olfactory receptor. However, far from just passively relaying information
about odor features, the activity of output cells is strongly modulated by dendrodendritic
connections with excitatory and inhibitory interneurons in the OB and centrifugal input
from the cortex and neuromodulatory areas (Fletcher and Chen, 2010).
Because of its location near the surface of the skull in rodents, the OB is a
tractable part of the olfactory system to study using in vivo optical imaging (Fletcher et
al., 2009; Wachowiak et al., 2013; Fletcher and Bendahmane, 2014). OB activity can be
visualized in several ways (Homma et al., 2009), but the research described in this
dissertation used fluorescent calcium imaging. The fluorescence of GCaMP, a genetically
encoded calcium indicator, increases with cytoplasmic calcium concentration, a correlate
of neuronal activity. In the time span of the work presented here, the sensitivity, kinetics,
and cell-type specificity of GCaMP have continually improved (Fletcher et al., 2009;
Chen et al., 2012; Ohkura et al., 2012). This fluorescence can be imaged at different
spatial resolutions, to monitor real time changes in OB activity and to dissect the specific
roles of different cell types in odor processing (Homma et al., 2009). Here, one-photon
widefield microscopy was used to simultaneously image glomeruli across the entire
dorsal surface of the OB. With its higher spatial resolution and deeper recording depth,
two-photon microscopy was used to investigate odor dynamics at the single-cell level.
These imaging techniques can be utilized to study a basic, but fundamental
question in sensory processing: how do simple forms of learning and experience affect
the neural encoding of sensory information? Habituation is a vital sensory process that
allows animals to filter out irrelevant stimuli that are being repeated or have been around
for a prolonged period and focus selectively on important stimuli. “Although [it] is
termed ‘the simplest form of learning’ and is well studied behaviorally, remarkably little
is known about the neural mechanisms underlying habituation” (Rankin et al., 2009).
Though work has been done on olfactory habituation of various kinds (Zufall and
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Leinders-Zufall, 2000; Dalton, 2000; Wilson and Linster, 2008; Reisert and Zhao, 2011),
it was unknown how the bulb responds to odor exposures of physiologically relevant
concentrations and length. The research described in this dissertation utilized in vivo
calcium imaging to assess how a prolonged odor presentation (i.e. odor experience)
affects odor responses in different parts of the olfactory bulb.
While habituation decreases responses to non-relevant stimuli, the opposing
process, dishabituation, reestablishes responsivity to previously filtered stimuli if the
sensory environment changes. The neurotransmitter acetylcholine (ACh) is known to be
involved in attention and released in situations of environmental change (Inglis and
Fibiger, 1995; Giovannini et al., 2001). Studies have demonstrated that OB ACh release
increases sensitivity to odor input at both the glomerular and M/T cell output levels
(Bendahmane et al., 2016; Ma and Luo, 2012; Rothermel et al., 2014). Based on this, it
was hypothesized that ACh release in the OB could dishabituate glomerular responses
during prolonged odors and, as a result, allow the stimuli to be detected and investigated
again. ACh levels in the OB were manipulated electrically, optogenetically, and
pharmacologically during prolonged odor exposures and the results of these
manipulations were tested using OB calcium imaging and a newly developed behavioral
paradigm.
Organization and Specific Aims
The studies presented in Chapters 2-4 address the following specific aims:
1)
a) To characterize the time course and magnitude of glomerular habituation
to a subsequent odor exposure following a prolonged presentation of that
odor and
b) determine if this habituation reflects OSN adaptation or depression of OB
circuitry.
2)
a) To characterize the time course and magnitude of glomerular habituation
and behavioral odor salience during a prolonged odor presentation and
b) test the hypothesis that a cholinergic mechanism in the OB could reinstate
habituated glomerular odor responses and odor investigation.
3) To characterize and compare the soma response of excitatory cell types in the
OB during and after a prolonged odor presentation.
Chapter 5 contains conclusions and future directions of this work.
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CHAPTER 2. HABITUATION OF GLOMERULAR RESPONSES IN THE
OLFACTORY BULB FOLLOWING PROLONGED ODOR STIMULATION
REFLECTS REDUCED PERIPHERAL INPUT*
Introduction
Olfactory sensory neurons (OSNs) in the nasal epithelium expressing the same
type of olfactory receptor project to glomeruli in the olfactory bulb (OB) (Mori et al.,
1999; Feinstein and Mombaerts, 2004), a dense cluster of dendrites from interneurons
and output mitral/tufted (M/T) cells. Because odors bind differentially to the olfactory
receptors, each odor generates a unique pattern of glomerular activation in the bulb (Mori
et al., 1999, 2006). These patterns can be visualized at either the presynaptic OSN input
level or at the postsynaptic M/T cell level in vivo using various imaging methods (Pain et
al., 2011; Fletcher and Bendahmane, 2014) and in some cases can reflect real time
changes in responsivity following changes in odor input.
One such change, habituation, is the process by which animals decrease their
responses to repeated or continually present stimuli (Wilson and Linster, 2008; Rankin et
al., 2009). In the olfactory system, short-term habituation is likely primarily driven by a
reduction of neuronal responsivity at several stages along the olfactory pathway from the
periphery to the cortex (Zufall and Leinders-Zufall, 2000; Dalton, 2000; Wilson and
Linster, 2008; Reisert and Zhao, 2011). Numerous studies have probed adaptation of
OSN responses (Zufall and Leinders-Zufall, 2000; Reisert and Zhao, 2011) and M/T cell
OB output (Wilson, 2000; Best and Wilson, 2004; Chaudhury et al., 2010). However,
olfactory information is processed throughout the layers of the olfactory bulb, including
via inhibitory networks within the glomerular layer (Wachowiak and Shipley, 2006;
Nagayama et al., 2014). Yet, few studies have addressed the impact of habituating odor
stimulation on odor responses in the glomerular layer of the olfactory bulb (Schafer et al.,
2005; Lecoq et al., 2009).
Similarly to OSN and M/T cell output responses, these studies found glomerular
layer response decreases with prolonged odor exposure or brief, very strong odor
stimulations (Schafer et al., 2005; Lecoq et al., 2009). However, these studies both relied
on recording methods that reflect the total activity of the glomerular circuit (fMRI
(Schafer et al., 2005) and local field potential recordings (Lecoq et al., 2009)) that cannot
differentiate excitatory output responses from inhibitory interneuronal responses. Further,
the extent to which this reduction reflects decreased input from OSNs, as suggested by a
recent study (Lecoq et al., 2009) or a reduction in responsiveness of OB neurons is still
unclear.
-------------------*Reprinted with permission. Ogg, M. C., Bendahamane, M., and Fletcher, M. L. (2015).
Habituation of glomerular responses in the olfactory bulb following prolonged odor
stimulation reflects reduced peripheral input. Front. Mol. Neurosci. 8, 53.
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To address these questions about olfactory habituation in the glomerular layer, we
measured glomerular responses before and after prolonged odor exposure in anesthetized
transgenic mice expressing the fluorescent calcium indicator GCaMP2 in M/T and
excitatory juxtaglomerular (JG) cells (Díez-García et al., 2005; Fletcher et al., 2009). We
assessed glomerular responses to the same odorant (self-habituation) and to structurally
similar, representationally overlapping odorants (cross-habituation) and compared them
to that of M/T cell output responses reported previously (Wilson 2000). To dissect the
role of OSN adaptation in post-synaptic glomerular habituation, we also compared posthabituated odor-driven responses to responses driven by olfactory nerve layer (ON)
electrical stimulation (Fletcher et al., 2009).
We found that glomerular odor responses to both the habituating odor (selfhabituation) and to an odor that is structurally similar to the habituating odor (crosshabituation) decreased following a 30 second continuous odor pulse. At the moderate
odor concentrations used in this study, neural response changes following selfhabituation were relatively uniform across glomeruli regardless of initial response
intensity. Therefore, the glomerular representation (spatial map and relative intensity) of
the habituated odor was unchanged. In contrast, post habituation ON stimulation-evoked
glomerular responses displayed little habituation. The difference in glomerular
habituation between odor and electrical stimulation provides evidence that the odor
response reductions measured in the OB are most likely the result of OSN adaptation
processes taking place in the periphery and not a consequence of adaptation of the OSNM/T synapse.
Methods
Animals and Surgery
Experiments were performed using 20 adult transgenic male and female mice
expressing the green fluorescent Ca2+ indicator GCaMP2 under the Kv3.1 potassium
channel promoter (Díez-García et al., 2005). Under this promoter, GCaMP2 is expressed
in M/T cells and a subpopulation of JG cells (Fletcher et al., 2009). Mice were
anesthetized with urethane (2 mg/kg, i.p.) and given an injection of methyl scopolamine
(0.05 mg/kg, i.p) to prevent nasal congestion. Mice were secured in a custom stereotaxic
apparatus (Narishige) with a heating pad underneath to maintain body temperature. To
create an imaging window, a skin incision was made over the dorsal surface of the mouse
head and the bone overlying the olfactory bulbs was thinned with a dental drill. In cases
in which electrical stimulation was used, part of the bone was removed after thinning. In
some cases lidocaine was applied to the bulb through a small incision in the dura. A
dental-cement well was built around the olfactory bulbs and filled with Ringer’s solution.
During imaging sessions, animals were freely breathing and the respiratory rate was
monitored from the respiratory oscillation observed in the odor-evoked GCaMP2 odorevoked signal. All animal care protocols were approved by the University of Tennessee
Institutional Animal Care and Use Committee.
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Odorant Presentation
Odors (2-hexanone, 2-heptanone, and ethyl butyrate (Sigma-Aldrich)) were
delivered using a flow-dilution olfactometer previously described (Fletcher et al. 2009).
Separate flow controllers for the clean air and the pure odorant vapor were used to mix
the flow streams at the end of the odor delivery system to achieve an approximate
concentration of 0.25%, 0.5%, or 0.75% saturated vapor (s.v.) at a flow rate of 0.7 L/min.
The odor concentration used for each animal was a concentration that activated discrete,
stable glomeruli.
Olfactory Nerve Stimulation
For olfactory nerve layer electrical stimulation (ONS), a single current pulse (2
ms, 45-100 μA) was delivered to the olfactory bulb dorsal surface using a bipolar
tungsten electrode (World Precision Instruments). This method has been shown
previously to evoke increased glomerular GCaMP signals via synaptically driven activity
and is not a result of direct electric current stimulating glomerular postsynaptic dendrites
(Fletcher et al., 2009). Further, topical application of the Na+ channel blocker lidocaine
onto the OB completely blocked all ONS driven glomerular activity.
Experimental Protocol
Experiment 1: Habituation Timeline. For control trials, odor pulse duration was
1 s with an inter-stimulus interval of at least 2 min. For the habituation trial, odor pulse
duration was 30 s. For post-habituation trials, odor pulse duration was 1 s and the interstimulus interval varied.
Experiment 2: Cross-Habituation. For control trials, odor pulse duration was 1 s
with an inter-stimulus interval of at least 2 min. 2-hexanone (C6) was presented during
the 30-s habituation trial. 2-heptanone (C7) was given 30 s post-habituation and C6 was
given 1 minute post-habituation. We waited at least 10 minutes for the animals to recover
from the first habituation, established new baseline responses for the two odors, and
repeated the experiment with C7 as the habituating odor.
Experiment 3: ON-Stimulation. For control trials, odor pulse duration was 1 s
and ONS duration was 2ms with an inter-stimulus interval of at least 2 min. For the
habituation trial, odor pulse duration was 30 s. For post-habituation trials, odor pulse
duration was 1 s, ONS duration was 2ms, and the inter-stimulus interval varied. Posthabituation trials occurred within 1 min following the odor habituation trial.
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Optical Imaging and Analysis
Imaging was performed using a Scientifica Slicescope equipped with a 10x (0.3
NA) Olympus objective. The dorsal olfactory bulb was illuminated with a LED light
source centered at 480 nm. GCaMP2 signals were band-pass filtered with a Chroma
emission filter (HQ535/50) and collected using a CCD camera at 25 Hz (NeuroCCDSM256, Redshirt Imaging). Maps of stimulus-evoked spatial activity were generated by
first correcting for photo-bleaching and then spatially low-pass filtered as described
previously (Fletcher et al., 2009). The stimulus-evoked change in fluorescence (ΔF) was
calculated by subtracting the average of five frames immediately preceding stimulus
onset from the average of five frames centered on the peak of the response generated by
the first respiration or electrical stimulation. Glomerular response amplitude (ΔF/F) was
calculated by dividing the stimulus-evoked change in fluorescence by the resting
fluorescence. For quantitative analysis, discrete glomeruli were visually identified and the
response amplitude was measured from a ROI (2x2 pixel average) at the center of each
(Fletcher et al., 2009). The response of each glomerulus was averaged across control
trials. A glomerulus was considered to respond if its mean ΔF/F response to a stimulus
was greater than the background ΔF/F signal. Background signal was defined as the mean
± 2 SD ΔF/F value obtained from adjacent regions containing no glomerular activity
(Fletcher, 2011). Habituation was measured by dividing the post-habituation response of
each glomerulus by its average control response. To identify overlapping glomeruli in
both the cross-habituation and ONS experiments (i.e. glomeruli that respond to both
odors or to both odor and ONS), ROIs were placed at the center of all glomeruli activated
by either odor delivery or ONS for each animal. Glomeruli that responded significantly,
as defined above, to both stimuli were defined as shared and were pooled across animals
for analysis (Fletcher, 2011).
Statistical Analysis
Statistical analyses were performed using Prism 5.0 software (Graphpad). Values
are expressed as mean normalized response ± SEM (unless otherwise indicated). Data
were compared using one sample t-test, paired t-test, one-way ANOVA, and repeated
measures ANOVA (Dunnett’s test and Tukey’s test post hoc analyses were performed
when appropriate). Statistical significance was defined as p < 0.05.
Results
To determine how a 30-s odor exposure impacts subsequent glomerular responses
to that odor, we measured glomerular responses to 1-s odor pulses before and after a
single prolonged exposure in 10 animals (Figure 2-1). Following the habituation trial, the
mean normalized glomerular responses changed (ANOVA: F(5,395)=37.03, p<0.0001),
and post hoc tests showed significant reduction from baseline responses 1 minute
(70.1±2.1%, n=95), 2 minutes (73.8±3.3%, n=61), and 4 minutes (85.2±2.5%, n=49) post
exposure (Figure 2-1C). Mean responses at 6 (94.5±2.5%, n=61) and 11 minutes
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Figure 2-1. 30-s odor exposure decreases subsequent glomerular responses to that
odor for several minutes.
(A) Pseudo-color glomerular responses to 2-heptanone (0.5% s.v.) at 10x magnification.
One minute after the habituating odor exposure (1 min Post), glomerular responses are
decreased from their baseline (Pre). After six minutes, the responses have recovered (6
min Post). (B) GCamp2 fluorescence traces from the glomerulus indicated by arrows in
(A). (C) The timeline of recovery from habituation. Mean normalized glomerular
responses for all animals were reduced for several minutes post exposure. Error bars
indicate SEM. * p < 0.05.
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(96.6±2.7%, n=40) post-habituation were not significantly different from the baseline,
indicating that recovery had occurred by six minutes.
To determine if there was an effect of response intensity on the amount of
habituation, we compared the responses of each glomerulus before and 1 minute after
habituating odor exposure (Figure 2-2A). Linear regression analysis yielded a best-fit
line with a slope (1.1±0.1, not significant) showing that habituation has a uniform effect
regardless of response intensity, and does not disproportionately decrease the response of
either strongly or weakly responding glomeruli. The uniform reduction leaves relative
glomerular response magnitudes of individual odor representations intact following
prolonged odor stimulation. This effect is illustrated in Figure 2-2C, which highlights the
similarity of pre- and post-habituation odor maps when they are normalized to the
maximally responding glomerulus in each odor representation.
We next evaluated whether prolonged exposure to an odor would affect the
subsequent glomerular response to a structurally similar odor, an effect known as crosshabituation (Wilson, 2000). In 5 animals, pre-habituation baseline responses to 2hexanone (C6) and 2-heptanone (C7) were established (Figure 2-3A). These odors differ
by only a single carbon and share some activated glomeruli (Figure 2-3B). We assessed
the effects of both self- and cross-habituation in shared glomeruli (Figure 2-3C). Pooling
all habituation trials, regardless of habituating odor, shared glomeruli showed reduced
mean normalized responses to both the habituated odor (59.1±2.4% of baseline) and to
the cross-habituated odor (66.9±1.8% of baseline) with responses to the habituated odor
significantly lower than those to the cross-habituated odor (paired t-test: t(61)=2.53,
p<0.05, n=62 glomeruli) (Figure 2-3D). When the longer carbon chain odorant, C7, was
used as the habituating odor, the cross-habituation (response to C6: 64.3±2.4% of
baseline) was not different from self-habituation (response to C7: 60.1±3.1% of baseline)
(paired t-test: t(40)=0.97, p=0.33, n=41 glomeruli) (Figure 2-3E). However, when the
shorter carbon chain odorant, C6, was used as the habituating odor, the cross-habituation
(response to C7: 72.1±2.7% of baseline) was significantly less than the self-habituation
(response to C6: 57.3±3.8% of baseline) (paired t-test: t(20)=4.92, p<0.0001, n=21
glomeruli) (Figure 2-3F).
We used olfactory nerve-stimulation (ONS) to assess whether reduced glomerular
responses following prolonged odor stimulation reflect synaptic depression of OSN input.
To accomplish this, we stimulated the axons of the OSNs within the OB to generate
glomerular responses without odorant activation. In 2 animals, responses to ONS were
compared before and after OB lidocaine application to verify that ONS was not directly
activating glomeruli (Figure 2-4D, gray trace). Following bulbar lidocaine application,
glomerular responses to ONS were completely blocked (Pre: 7.0±0.3% ΔF/F; Post:
0.3±0.2% ΔF/F) (one sample t-test: t(21)=1.85, p=0.09, n=22 glomeruli). In 4 animals,
pre-habituation baseline responses to one of the odors and to electrical ONS were
established (Figure 2-4A). Analysis was performed on overlapping glomeruli that were
activated by both the odor and the ON stimulation (n=28) (Figure 2-4B). Glomerular
responses changed within one minute following the odor habituation trial (ANOVA:
F(3,81)=21.25, p<0.0001). Post hoc tests showed significant reduction of the mean

8

Figure 2-2. 30-s odor exposure uniformly decreases subsequent glomerular
responses, regardless of initial intensity.
(A) Responses of each glomerulus before and 1 minute after the habituating odor
exposure are plotted against each other. The dashed line has a slope of unity. The solid
best-fit line is parallel to the line with a slope of unity, indicating that glomeruli maintain
their relative odor responses following habituation. The downward shift of the line
reflects the effect of habituation across glomeruli. (B) Psuedo-color glomerular responses
to 2-heptanone (0.5% s.v.) at 10x magnification before (Pre) and after (Post) the
habituating odor exposure. (C) The glomerular responses shown in (B), normalized to the
maximum glomerulus in each representation, illustrating that glomeruli maintain their
relative odor responses following habituation, as discussed in (A).
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Figure 2-3. 30-s odor exposure decreases subsequent glomerular responses to a
structurally similar odor.
(A) Baseline glomerular responses to 2-heptanone (C7) and 2-hexanone (C6) in the same
animal displayed in different color channels (C7, 0.5% s.v.: green; C6, 0.5% s.v.: red) at
10x magnification. (B) Overlay of the baseline glomerular responses to C7 and C6 shown
in (A), highlighting glomeruli (yellow) that respond to both odors. White arrows indicate
some examples of these shared glomeruli. (C) Pseudo-color glomerular responses to C7
and C6 before (Pre Hab) and after (Post C7 Hab) a 30-s exposure to C7. For both odors,
glomerular responses are decreased from their baseline following the habituating odor
exposure. (D) Mean normalized glomerular responses to both the habituated odor and the
cross-habituated odor are reduced. Habituated responses are significantly lower than
cross-habituated responses. (E) When C7 was used as the habituating odor, self- and
cross-habituated responses were not significantly different. (F) When C6 was used as the
habituating odor, self-habituated responses were significantly lower than cross-habituated
responses. Error bars indicate SEM. * p < 0.05.
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Figure 2-4. 30-s odor exposure decreases subsequent glomerular responses to
odors, but not to ON electrical stimulation.
(A) Baseline glomerular responses to an odor presentation and ON electrical stimulation
(ONS) in the same animal displayed in different color channels (2-heptanone, 0.5% s.v.:
green; ONS, 100 μA: red) at 10x magnification. (B) Overlay of the baseline glomerular
responses to odor and ONS shown in (A), highlighting glomeruli (yellow) that respond to
both stimuli. White arrows indicate some examples of these shared glomeruli. (C)
Pseudo-color glomerular responses to odor and ONS before (Pre Odor Hab) and after
(Post Odor Hab) a 30-s exposure to 2-heptanone. Thirty seconds after a habituating odor
exposure (bottom panel), glomerular responses to 2-heptanone are significantly decreased
compared to control. However, one minute after the habituating odor exposure,
glomerular responses to ON stimulation are unchanged. (D) Example fluorescence traces
taken from an overlapping glomerulus (A, B, C: middle white arrow) responding to both
2-heptanone (top panel) and ONS (bottom panel) before (black trace) and after (blue
trace) odor habituation. The gray trace in the bottom panel shows the response to ONS
following bulbar lidocaine application. Black arrows indicate stimulus onset. (D)
Population data show glomerular responses to the odor were significantly reduced
following odor habituation, while pre and post ONS responses in the same glomeruli
were unchanged. Error bars indicate SEM. * p < 0.05.
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glomerular response to odor (Pre: 11.4±0.6% ΔF/F; Post: 8.3±0.5% ΔF/F) (Figure 2-4C,
D, and E). However, in the same glomeruli, the mean glomerular response to ONS was
not significantly reduced following odor habituation (Pre: 8.2±0.4% ΔF/F; Post:
7.7±0.4% ΔF/F), demonstrating that postsynaptic responses independent of odor input
were not depressed.
Discussion
We imaged excitatory postsynaptic glomerular odor responses and observed
reductions in glomerular responsiveness following prolonged odor stimulation.
Glomerular responses to an odor were decreased following exposure to both the same
odorant (self-habituation) and a structurally similar odorant (cross-habituation). Olfactory
nerve layer stimulation following odor habituation showed that these decreases were not
a result of OSN-M/T cell synaptic adaptation and suggests that reduced glomerular
responses reflect processes taking place in the periphery.
Decreased olfactory bulb activity following prolonged odor stimulation has been
observed with multiple recording modalities (Potter and Chorover, 1976; Chaput and
Panhuber, 1982; Wilson, 2000; McKeegan and Lippens, 2003; Schafer et al., 2005;
Chaudhury et al., 2010). An fMRI study in anesthetized rats found that the glomerular
layer showed significantly decreased BOLD signal responses to subsequent odor
exposures for up to 5 minutes following a 32-s odor presentation (Schafer et al., 2005).
Electrophysiological recordings of single M/T cell odor responses in anesthetized rats
(Wilson 2000; Fletcher and Wilson 2003) showed a similar amount of habituation and
recovery time of several minutes. Our results fit well with these studies and demonstrate
that reduced excitatory odor responses following habituation can be seen at the earliest
stages of olfactory bulb response and are propagated through the OB relatively
unchanged.
Our finding of significant cross-habituation at the glomerular population level is
similar to previous electrophysiological studies in anesthetized rats that showed singleunit M/T cell responses to other structurally similar odors within their receptive field are
also significantly decreased following prolonged exposure to an odor (Wilson, 2000;
Fletcher and Wilson, 2003; Chaudhury et al., 2010). Overall, we found that selfhabituation results in a larger reduction of the glomerular response than cross-habituation.
However, further analysis showed that the effects of cross-habituation are asymmetrical.
While the magnitude of self- and cross-habituation are the same after prolonged exposure
to the longer carbon chain odorant, after exposure to the shorter chain odorant the
magnitude of cross-habituation is significantly less than that of self-habituation.
Asymmetrical effects have been observed in the olfactory bulb (Wilson, 2000), and even
perceptually in humans (Cain, 1970). While still unexplained, the asymmetry could
reflect the fact that odorants of increasing carbon chain length activate increasing
percentages of OSNs (Malnic et al., 1999). In our case, if C6 is unable to activate as
many OSNs as C7, then there is a higher likelihood that there will be un-habituated C7
neurons after an exposure to C6, resulting in less cross-habituation magnitude at the
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glomerular layer.
ON-stimulation allowed us to test whether glomerular habituation still occurs in
the absence of epithelial OSN activation. A similar method was used to explore the
effects of odor habituation on synaptic efficiency at the M/T cell-aPCX pyramidal neuron
synapse (Wilson, 1998b). Interestingly, we found that, after prolonged odor exposure,
glomeruli had decreased responses to odor, but showed no significant decreases in their
response to ON-stimulation. These results indicate that even though their response to
odor is decreased following prolonged odor exposure, postsynaptically, the M/T cell
dendrites can still be activated and, presynaptically, glutamate is available and able to be
released effectively from the OSN terminals (i.e. adaptation is likely occurring distal to
the ONL). Lecoq et al. (2009) found evidence that fast adaptation of the glomerular odor
response during high-concentration odor stimulation in anesthetized rats is also
peripherally mediated. Together, these results suggest that OB glomerular habituation at
the timescale of our experiments is mediated by peripheral OSN adaptation and does not
heavily rely on synaptic depression of OSN input or further processing via bulbar
circuits.
In contrast to our findings, some studies have demonstrated that recovery from
adaptation take places faster in the periphery than in the OB (Potter and Chorover, 1976;
Schafer et al., 2005), indicating that additional bulb circuitry was involved. However, in
our study M/T glomerular response seems relatively unaffected by bulb processes. This
could be due to differences in methodology, since the prior studies used either longer
(e.g. 10 minutes) or repeated (e.g. 10 x 30 s) odor presentations. Because they utilized
more intensive odor stimulation, these studies might reflect bulbar depression
mechanisms uncovered by studies which used protocols involving repeated (Chaudhury
et al., 2010) or much longer (Larkin et al., 2010; Das et al., 2011; Ramaswami, 2014)
odor presentations.
Peripheral olfactory adaptation is complex and still not well understood, however,
several possible mechanisms have been outlined (Zufall and Leinders-Zufall, 2000;
Reisert and Zhao, 2011). Studies have indicated that the gaseous signaling molecules,
carbon monoxide (CO) and nitric oxide (NO), play a role in OSN adaptation that has
been shown to last for several minutes (Zufall and Leinders-Zufall, 1997, 1998; Brunert
et al., 2009). It has been postulated that these messengers could be important not only for
habituation, but for cross-habituation as well, since they are able to diffuse across the
nasal epithelium and potentially affect others OSNs (Brunert et al., 2009). While our
experiments did not allow us to probe the specific peripheral adaptation processes
underlying the decreased glomerular responses, if the OSNs synapsing onto the glomeruli
we observed were adapted in this manner, it could explain the relatively subtle, but
longer-lasting decrements we recorded.
In conclusion, the present study found that glomerular responses to odors are
decreased following a habituation trial, however, our ON-stimulation experiment showed
that this reduction seems to reflect uniform distal adaptation of OSNs, rather than
transmitter rundown at the glomerular synapse or depression of bulb circuits.
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Intriguingly, this indicates that though input to the glomerular layer has been reduced, it
can still be activated, should contingencies change. The olfactory bulb, including the
glomerular layer, receives cortical feedback (Brunjes et al., 2005; Boyd et al., 2012;
Markopoulos et al., 2012) as well as cholinergic, noradrenergic, and serotonergic input
(Fletcher and Chen, 2010), all of which have been shown to modulate olfactory bulb
responsivity (Petzold et al., 2009; Ma and Luo, 2012; Eckmeier and Shea, 2014;
Rothermel et al., 2014). Future experiments should probe the potential of these
centrifugal inputs to affect OB habituation.
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CHAPTER 3. OLFACTORY BULB ACETYLCHOLINE RELEASE
DISHABITUATES ODOR RESPONSES AND REINSTATES ODOR
INVESTIGATION
Introduction
Neuronal and behavioral responses to prolonged stimuli decrease over time as
sensory systems habituate to non-relevant stimuli. Yet, if unexpected changes within an
environment occur, reestablishing sensory responsivity to previously filtered stimuli can
be beneficial for survival. Though these processes, habituation and dishabituation, are
ubiquitous across the sensory systems, the mechanisms through which they are mediated
are often complex and vary depending on the system (Rankin et al., 2009). The aim of
this study was to investigate these two important sensory processing phenomena in the
mouse olfactory bulb (OB).
The OBs form the first part of the olfactory central nervous system, where sensory
information from the nasal epithelium is processed before projecting to cortical areas.
The axons of peripheral olfactory sensory neurons (OSN) synapse onto glomeruli, dense
collections of the dendrites of OB output (mitral/tufted) cells and interneurons. Odor
information contained in OSN activity is transformed into spatiotemporal patterns of
glomerular responses that represent both odor quality and intensity (Fletcher et al., 2009;
Wachowiak and Cohen, 2001; Storace and Cohen, 2017).
In a previous study using in vivo calcium imaging, we found that a single,
prolonged odor pulse decreases subsequent mitral/tufted (M/T) cell glomerular odor
responses for minutes following the initial presentation (Ogg et al., 2015). However, it is
currently unknown the extent to which these responses are reduced during continuous
odor presentation. Using calcium imaging and a novel behavioral paradigm, we examined
habituation of glomerular odor responses and odor investigation behavior during
prolonged odor presentations. In addition, we wanted to determine if, once habituated,
glomerular odor responses could be reinstated, what effect this would have on behavioral
odor investigation, and whether a cholinergic mechanism could be responsible.
The cholinergic system plays an important role in olfactory learning, processing,
and perception (Fletcher and Wilson, 2002; Wilson et al., 2004; Pavesi et al., 2013;
Fletcher and Chen, 2010), however, except for a few studies focused on olfactory
discrimination (Mandairon et al., 2006; Chaudhury et al., 2009), its role in the OB in
modulating olfactory behaviors remains largely unexplored. The OB receives cholinergic
input from the basal forebrain (BF) and expresses a variety of cholinergic receptors
(Záborszky et al., 1986; Le Jeune et al., 1995; Castillo et al., 1999; Hamamoto et al.,
2017; Ojima et al., 1988). Recent work from our lab and others has demonstrated that OB
acetylcholine (ACh) release increases sensitivity to odor input at both the glomerular and
M/T cell output levels (Bendahmane et al., 2016; Ma and Luo, 2012; Rothermel et al.,
2014), mediated by muscarinic receptor activation (Bendahmane et al., 2016). This,
together with growing evidence of rapid, phasic ACh modulation in other brain regions
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(Sarter et al., 2016), led us to hypothesize that brief ACh release in the OB could
dishabituate glomerular responses during prolonged odors and, as a result, allow the
stimuli to be detected and investigated again.
To test this cholinergic dishabituation hypothesis, we manipulated OB ACh
release electrically and optogenetically during prolonged odor presentations. We found
that ACh can rapidly modulate habituated glomerular odor responses and increase odor
salience. Further, we determined that this change in odor investigation behavior happens
naturally in response to contextual changes in the environment, and can be blocked using
a cholinergic antagonist in the OB.
Methods
Adult male and female mice were used for all experiments. Mice were grouphoused and maintained on a 12-h light-dark cycle with ad libitum food and water. All
experiments occurred during the light portion of the cycle. All methods were carried out
in accordance with relevant and approved guidelines and regulations. All experimental
protocols were approved by the University of Tennessee Institutional Animal Care and
Use Committee.
Imaging
Mice were generated by crossing FVB/N mice expressing Cre recombinase under
the Thy1 promoter (FVB/N-Tg(Thy1-cre)1Vln/J; Jax Stock No: 006143) with B6 mice
with a floxed green fluorescent Ca2+indicator GCaMP3 (Gt(ROSA)26Sortm38(CAGGCaMP3)Hze; Jax Stock No: 014538). In the OBs of these mice, GCaMP3 is expressed
in excitatory cells. Mice were anesthetized with urethane (2 mg/kg, i.p.) and given an
injection of methyl scopolamine (0.05 mg/kg, i.p) to prevent nasal congestion. Mice were
secured in a custom stereotaxic apparatus (Narishige) with a heating pad underneath to
maintain body temperature. To create an imaging window, a skin incision was made over
the dorsal surface of the mouse head and the bone overlying the OBs was thinned with a
dental drill. A bipolar tungsten electrode was stereotaxically implanted in the BF
(coordinates: 0.5 mm bregma, 0.6 mm lateral, ~3.5 mm deep)(Bendahmane et al., 2016)
and fixed to the skull with superglue and dental cement. During imaging sessions,
animals were freely breathing and the respiratory rate was monitored from the respiratory
oscillation observed in the odor-evoked GCaMP3 odor-evoked signal. Imaging was
performed using a Scientifica Slicescope equipped with a 4x (0.3 NA) Olympus
objective. The dorsal OB was illuminated with a LED light source centered at 480 nm for
40 s/trial. GCaMP3 signals were band-pass filtered with a Chroma emission filter
(HQ535/50) and collected using a CCD camera at 25 Hz (NeuroCCD-SM256, Redshirt
Imaging).
Odors [2-heptanone and ethyl valerate (Sigma-Aldrich)] were delivered for 30
s/trial using a flow-dilution olfactometer previously described (Fletcher et al., 2009).
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Separate flow controllers for the clean air and the pure odorant vapor were used to mix
the flow streams at the end of the odor delivery system to achieve an approximate
concentration of 0.25, 0.5, or 0.75% saturated vapor (s.v.) at a flow rate of 0.7 L/min. The
odor concentration used for each animal was a concentration that activated discrete,
stable glomeruli. In cases where there was more than one trial/animal, odor presentations
were separated by more than 11 minutes, based on a previously determined recovery rate
(Ogg et al., 2015). Basal forebrain electrical stimulation (BFS) consisted of a 1-3 sec, 5
or 50 Hz train (100 μs pulse) with an amplitude range of 30–120 μA delivered 24 s into
the odor presentation.
Maps of stimulus-evoked spatial activity were analyzed in R (version 3.3.2; R
Core Team, 2016; Hijmans and van Etten, 2010). To correct for photobleaching, an
exponential curve with offset (nonlinear least squares, nls) was fit to the fluorescence
trace of each pixel and then subtracted. A corrected fluorescence trace was extracted from
each discrete, visually identified glomerulus. For both the maps and individual
glomerular traces, the initial response was measured by averaging the response during the
one second (25 frames) following odor onset. Habituation was measured by averaging the
response during the one second preceding the BFS. Dishabituation was measured by
averaging the response from the one second following the BFS.
Behavior
Odor [2-methylpyrazine, 2-heptanone, ethyl butyrate, ethyl valerate, isoamyl
acetate (100% unless otherwise indicated; Sigma Aldrich)] or air was delivered into a
standard mouse open field chamber (OFC; 40 cm W x 40 cm D x 35 cm H; Stoelting)
through tubing along a top corner. To ensure that mice would not feel the incoming air,
they were placed in a standard mouse cage (18.4 cm W x 29.2 cm D x 12.7 cm H) with
no bedding in the center of the OFC. This method allows odor delivery without human
interference or visual cues, which could result in unintended behavioral effects. To
prevent odor build-up, a vacuum pulled air through small holes in the center of the open
field chamber and a HEPA filter was run throughout the experiment. Mice were placed
into the apparatus and allowed to acclimate to the environment for ~10 minutes. Odor
investigation, described below, was recorded using a video camera positioned at the side
of the OFC and and manually scored using ANY-maze (Stoelting) throughout the
duration of the trial, including the last two minutes of the acclimation period and the
entire odor delivery period. Odor duration lasted 6-9 minutes, depending on the trial. In
cases where there was more than one trial per animal, odor presentations were separated
by at least one day (Figure 3-1F, G).
Olfactory investigation was defined as active sampling episodes in which the
mouse sniffs with its head lifted above the plane of its body. This included three
stereotypical behaviors: head-up, stretched, and reared sniffing (Figure 3-1A). Pilot
studies and detailed observational analysis of mice exploratory behavior in the absence
and presence of odor lead us to combine these behaviors into a single metric of olfactory
investigation. Behavior was quantified by pressing and holding a defined key in ANY-
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Figure 3-1. Characterization of odor investigation behavior.
(a) Examples of the behaviors included in odor investigation (from right): raised-head
sniffing, half-rearing, full rearing. (b) Example raster plots of odor investigation behavior
during two minutes of no odor, a minute of clean air or odor, and another two minutes of
no odor. (c) Investigation time (seconds ± SE) is similar for different odors tested,
including 2-heptanone (C7), isoamyl acetate (AA), 2-methylpyrazine (2M), and ethyl
butyrate (E4). (d) If the experiment is repeated one day later, investigation time when
odor is not present is not affected, but (e) increases with odor onset on both days.
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maze each time olfactory investigatory behavior was observed. The key remained pressed
throughout the behavior and released once the behavior was terminated. This allowed us
to quantify the time point and length of each investigatory event throughout the trial.
Investigatory behavior was not restricted to a specific zone in the testing apparatus due to
the tendency of odors to permeate the space. Rates of baseline and odor-evoked active
investigation were consistent across different raters, illustrating the ease of behavioral
identification.
For optogenetic experiments, mice expressing channelrhodopsin in cholinergic
neurons (B6.Cg-Tg(Chat-COP4*H134R/EYFP,Slc18a3)6Gfng/J; Jax Stock No: 014546)
and their wildtype littermates were used. For LED implantation, mice were anesthetized
with ketamine (100 mg/kg)/xylazine (10 mg/kg, i.p.) and given a prophylactic injection
of carprofen (5 mg/kg, s.c.). Mice were secured in a stereotaxic apparatus (Kopf
Instruments) with a heating pad underneath to maintain body temperature. Miniature blue
LEDs (Osram; LBW5SN) were soldered to female miniature electrical connectors and
implanted over the OBs(Lepousez et al., 2011). A skin incision was made over the dorsal
surface of the mouse head and the bone overlying the OBs was thinned with a dental
drill. The LED was attached over the thinned OBs with superglue. The rest of the skull
was covered with black nail polish to prevent light diffusion and the LED was covered
and secured with a screw and black dental cement. Mice recovered for at least one week
before the experiment. Habituation trials were conducted and scored the same as above.
Before each trial, the LEDs were plugged into the pulse generator using thin, light-weight
wires. Optogenetic light stimulation (OLS), consisted of a 3 sec, 5, 25 or 50 Hz train
delivered 7 minutes into the odor presentation.
For visual dishabituation experiments, B6 mice (C57BL/6J; Jax Stock No:
000664) were used. Mice were anesthetized with ketamine (100 mg/kg)/xylazine (10
mg/kg, i.p.) and given a prophylactic injection of carprofen (5 mg/kg, s.c.) for pain
control. Mice were secured in a stereotaxic apparatus (Kopf Instruments) with a heating
pad underneath to maintain body temperature. Bilateral stainless steel cannula guides
(Plastics One; C235GS-5-2.0/SPC) were implanted in the OBs (coordinates: 4.2 mm
bregma, 1 mm lateral/each side, 1 mm deep) and secured with a head screw, superglue,
dental cement. A dummy and a cap (Plastics One; C235DCS-5/SPC and
303DC/1B) covered the cannula guides during the one week recovery period. Before
each trial began, 0.5 μl of either vehicle (Ringer’s solution) or scopolamine (1 mM,
diluted in Ringer’s solution; Sigma Aldrich) was bilaterally infused into each olfactory
bulb at a rate of 0.125 μl/minute through each cannula using an SP 100i Syringe Pump
(World Precison Instruments). After infusion, the mice were placed in the chamber to
acclimate and habituation trials were conducted as above. To drive dishabituation, a
micro projector (Fugetek; FG-957 DLP) mounted above the chamber displayed thin,
black and white lines on the floor of the cage at minute 7 of odor delivery.
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Statistics
Statistical analyses were performed using Prism software (GraphPad; version
5.03). Data were compared using a t-test or an appropriate ANOVA with a post hoc
Bonferroni multiple comparisons test. Statistical significance was defined as p ≤ 0.05.
Results
To determine if prolonged odor input leads to decreased or habituated
postsynaptic glomerular odor responses, we imaged glomerular odor responses in
anesthetized Thy1-GCaMP3 mice before, during, and after 30-second odor presentations
(Figure 3-2A). Overall, we found glomerular responses display a rapid rise in response
amplitude that quickly reaches a maximum and is followed by a slower, steady decay to
approximately 40% of the peak response by end of the odor presentation (n=92 glomeruli
from 6 mice; paired t-test: t(91) = 32.15, p = < 0.0001; End = 36.74 ± 1.97%; Figure
3-2B, C). We did not observe any glomerular responses that maintained maximal
responses or increased in amplitude over the course of the odor presentation.
Based on previous work from our lab demonstrating that OB ACh receptor
activation enhances glomerular odor responses (Bendahmane et al., 2016), we
hypothesized that brief OB ACh release delivered near the end of the odor presentation
could reinstate, or dishabituate, reduced OB odor responses. To test whether ACh release
could enhance OB responsivity to adapted stimuli, we again imaged glomerular odor
responses in anesthetized Thy1-GCaMP3 mice implanted with a stimulating electrode in
the cholinergic BF (Bendahmane et al., 2016). For these experiments, electrical
stimulation (BFS) was delivered 24 seconds into the 30 second odor stimulation (Figure
3-3A). As in the control mice, mean glomerular odor responses decreased during the odor
presentation. BFS delivered at 50Hz rapidly increased these habituated glomerular odor
responses (Figure 3-3B, C). To quantify this, we compared the mean normalized
fluorescence in the second immediately preceding the BFS to the mean normalized
fluorescence in the second following BFS for each glomerulus and found a significant
increase in the mean fluorescence following BFS (n=76 glomeruli from 5 mice; RM
ANOVA: F(2,150) = 749.8, p < 0.0001; Pre-BFS = 35.31 ± 1.13%, Post-BFS = 78.64 ±
1.62%; Figure 3-3D).
In a subset of mice, in addition to 50Hz stimulation we also stimulated at 5Hz, a
frequency previously shown to have little effect on OB activity (Ma and Luo, 2012)
(Figure 3-3B,C). This allowed us to directly compare response enhancement at two
different stimulation frequencies in the same mice. A two-way repeated measures
ANOVA revealed a significant interaction between imaging time and BFS stimulation
(n=32 glomeruli from 2 mice; F(1,62) = 1015.43, p< 0.0001). Post hoc tests revealed
significant increases when BFS was given at 50Hz (Pre-BFS = 32.24 ± 1.51%, Post-BFS
= 88.00 ± 2.33%), but no significant changes in fluorescence at 5Hz (Pre-BFS = 30.14 ±
1.38%, Post-BFS = 30.15 ± 1.51%; Figure 3-3E).
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Figure 3-2. Glomerular responses to a prolonged odor presentation habituate
over time.
(a) Pseudo-color glomerular responses to 2-heptanone (0.3% s.v) initially and after thirty
seconds of the odor presentation. (b) The average fluorescence trace (% of initial
response ± SE) from all recorded glomeruli. (c) The average glomerular odor response
(% of initial response ± SE) decreases during the odor presentation. * = p < 0.05.
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Figure 3-3. Electrical basal forebrain stimulation (BFS) dishabituates glomerular
odor responses.
(a) Schematic illustration of the imaging experiment. (b) Pseudo-color glomerular
responses to 2-heptanone (0.5% s.v) initially and before and after BFS (50 μA, 3 s) at 50
and 5 Hz. (c) Fluorescence traces (% of initial response) from the glomerulus indicated
by arrows in (b). (d) The average glomerular odor response (% of initial response ± SE)
decreases during the odor presentation and increases following 50 Hz BFS. (e) In a subset
of mice, 5 Hz stimulation was given in addition to 50 Hz, and it did not increase the
average glomerular odor response. * = p < 0.05.
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To investigate these effects in awake, behaving animals, we developed a simple
olfactory habituation paradigm to measure mice’s natural odor investigation behavior. In
this paradigm, the duration of stereotypical investigation behaviors was scored and
quantified (Figure 3-1A, B). To demonstrate that the duration of these behaviors is an
appropriate measurement of olfactory salience in the mouse, we compared the change in
the duration of odor investigation from baseline during clean air (n=8 mice) and odor
(ethyl butyrate, 10% dilution; n=8 mice) presentations (Figure 3-4A, B and Figure
3-1B). Odor investigation behavior was measured for five minutes, with clean air or odor
presented for the third minute only. For the clean air group, we found no differences in
investigation time per minute (RM ANOVA: F(4,28) = 2.39, p = 0.07; Minute 1 = 18.2 ±
1.7 s, 2 = 13.2 ± 1.6 s, 3 = 18.2 ± 1.5 s, 4 = 16.0 ± 1.9 s, 5 = 18.3 ± 2.2 s; Figure 3-4A).
There was a significant effect of odor on investigation time (RM ANOVA F(4,
28) = 15.73, p < 0.0001; Minute 1 = 15.1 ± 1.8 s; 2 = 14.8 ± 1.1 s; 3 = 30.0 ± 1.6 s; 4 =
22.7 ± 2.3 s; 5 = 16.9 ± 1.9 s; Figure 3-4B). The post hoc test revealed that investigation
time in the third minute when odor was present was significantly higher than in any other
non-odor minute. To demonstrate that this paradigm accurately reflects odor investigation
and that investigation times are not dependent upon other factors, we also compared
investigation times for one minute presentations of different odors as well as the to the
same odor across two days.
We tested whether investigation times vary depending on the odorant presented. To
accomplish this we presented mice (n=5) with three different odorants (10% dilution, 1
minute duration, 3 minute ISI) in the same session. When comparing investigation times
of these three odorants to that of when ethyl butyrate (E4) was presented we found no
significant differences (ANOVA F(3, 19) = 0.79, p = 0.51; 2M = 31.5 ± 3.2; 2H= 33.6 ±
3.2 s; AA= 35.7 ± 4.1 s ; E4 = 29.9 ± 1.6 s; Figure 3-1C).
We next investigated the repeatability of the investigation behavior across time.
As previously described, odor investigation behavior was measured for five minutes, with
clean air (n=3 mice) or odor (ethyl butyrate, 10% dilution; n=4 mice) presented for the
third minute only. The experiment was then repeated twenty-four hours later. A two-way
repeated measures ANOVA found no effect of either trial time (F(4,16) = 0.18, p = 0.95)
or day (F(1,4) = 0.18, p = 0.69) in the clean air group (Figure 3-1D). In the odor group,
there was a significant effect of trial time (i.e odor presence) (2-way RM ANOVA
F(4,24)=11.81, p= < 0.0001), but no effect of day (F(1,6)=0.03, p=0.86; Figure 3-1E).
Further, a paired t-test confirmed that Minute 3 odor presentation investigation times (t(3)
= 0.21, p=0.84; Day 1 = 29.55 ± 2.46 s; Day 2 = 28.18 ± 4.09 s) were not significantly
different from one another across days, suggesting that this behavioral quantification is
stable over time.
Next, we sought to determine if our olfactory investigation paradigm could be
used for measuring olfactory habituation. We quantified investigation behavior during
one baseline minute (Minute 0) and six minutes of continuous odor (ethyl butyrate) and
found significant differences in investigation time across minutes (n = 10; RM ANOVA:
F(6, 9) = 17.95, p < 0.0001; Minute 0 = 16.66 ± 1.67 s, 1 = 32.50 ± 1.59 s, 6 = 16.77 ±
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Figure 3-4. Olfactory investigation behavior increases with odor onset and
habituates over time.
(a) Investigation time (seconds ± SE) is not affected when odor is not present, but (b)
increases with odor (10% ethyl butyrate) onset. (c) Investigation time in control mice
increases with odor onset and decreases over the exposure. * = p < 0.05.
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1.91 s; Figure 3-4C). The post hoc test revealed that odor investigation increased
significantly from baseline when an odor was delivered into the chamber (Minute 0 vs 1).
Further, when an odor was continuously delivered into the chamber for several minutes,
odor investigation significantly decreased (Minute 1 vs 6) demonstrating that this task
can effectively measure olfactory habituation.
To directly investigate whether increased ACh release in the OB can reinstate
investigation of habituated odors in awake, behaving animals, we used mice expressing
channelrhodopsin in cholinergic neurons (ChAT-ChR2) and their wildtype (WT)
littermates in the above the habituation paradigm. In this case, odor (isoamyl acetate) was
presented for nine minutes. No effect of genotype was found between WT (n = 5; Minute
0 = 13.22 ± 1.46, 1 = 32.16 ± 1.96, 6 = 7.72 ± 1.88) and ChR2+ (n = 5; Minute 0 = 11.77
± 2.88 s, 1 = 25.68 ± 3.06 s, 6 = 11.38 ± 1.01 s) mice when comparing investigation
duration at key time points in the habituation paradigm (2-way RM ANOVA: F(1,8) =
0.43, p = 0.53). To specifically drive optogenetic OB ACh release, we turned on an LED
implanted over the OBs (optogenetic light stimulation, OLS; Figure 3-5A)(Lepousez et
al., 2011). OLS (3 s, 50 Hz) at the beginning of the seventh minute of odor exposure,
following habituation, did not increase odor investigation during the seventh minute
compared to the previous minute in WT mice (Minute 6 = 7.72 ± 1.88, 7 = 9.80 ± 1.98 ;
Figure 3-5B). However, in ChR2+ mice, investigation time after the 50 Hz OLS
increased back to the level of initial odor investigation, and stayed increased through the
end of the trial (RM ANOVA: F(9, 36) = 4.57, p = 0.0005; Minute 6 = 11.38 ± 1.01 s, 7 =
28.04 ± 2.56 s, 9 = 19.92 ± 3.88 s; Figure 3-5D, E).
As found in a previous study (Ma and Luo, 2012) and in our imaging data above,
there is an intensity-dependent effect of cholinergic activation and OB response
enhancement. Therefore, we repeated the experiment in the same ChR2+ mice with two
additional stimulation frequencies (5 and 25 Hz). Decreasing the stimulation frequency
reduced the extent and duration of subsequent investigation. After 25 Hz OLS,
investigation time increased back to the level of initial odor investigation, but did not
remain increased (RM ANOVA: F(9, 36) = 12.02, p = < 0.0001; Minute 0: 9.95 ± 2.38 s,
1: 28.46 ± 4.23 s, 6: 13.08 ± 1.80 s, 7: 23.66 ± 3.07 s, 9: 10.24 ± 2.79 s) and 5 Hz OLS
did not increase investigation time at all (RM ANOVA: F(9, 36) = 4.50, p = 0.0005;
Minute 0: 12.77 ± 1.77 s, 1: 23.50 ± 2.08 s , 6: 11.60 ± 2.34 s, 7: 11.42 ± 1.64 s, 9: 13.94
± 2.49 s; Figure 3-5D, E). To verify that OLS alone does not increase investigative
behavior, we repeated the experiment in an additional cohort of ChR2+ (n=5) mice and
found no changes in investigation after optogenetic stimulation in the absence of odor
(paired t-test: t(4) = 1.17, p = 0.31; Minute 0: 13.48 ± 2.76 s, 1 = 10.52 ± 3.06 s; Figure
3-5C).
To test whether cholinergic dishabituation occurs naturally, we performed the
habituation experiment again, but instead of artificially driving ACh release at the
beginning of the seventh minute of odor exposure, we abruptly changed the visual
context of the chamber (VS; Figure 3-6A). We hypothesized that this novel sensory
stimulation would release ACh (Inglis and Fibiger, 1995; Giovannini et al., 2001) and
modulate habituation. A previous imaging study in our lab showed that muscarinic ACh
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Figure 3-5. Optogenetic light stimulation (OLS) can dishabituate odor
investigation behavior.
(a) Schematic illustration of the OLS experiment. (b) Investigation time (seconds ± SE)
does not increase after 50 Hz OLS in WT (ChR2-) controls, or (c) in ChR2+ mice if odor
is not present. (d) Raster plots of the odor investigation behavior comparing OLS at 5, 25,
and 50 Hz. (e) Investigation time in Ch2R+ mice after the OLS is stimulation dependent:
Following 50 Hz OLS, investigation time increases and stays increased for at least three
minutes. After 25 HZ OLS, investigation time also increases, but does not remain
increased. 5 Hz OLS does not increase investigation time. * = p < 0.05.
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Figure 3-6. A visual context change (VS) dishabituates odor investigation
behavior.
(a) Schematic illustration of the VS experiment. (b) Investigation time (seconds ± SE)
after the VS does not increase if odor is not present. (c) Raster plots of the odor
investigation behavior following olfactory bulb (OB) cannula infusion of vehicle
(Ringer’s) or the cholinergic antagonist scopolamine. (d) Investigation time after the VS
increases when mice receive an OB cannula infusion of Ringer’s solution, but does not
increase when the mice receive scopolamine.
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receptor (mAChR) activation in the OB leads to increased responses at all odor
concentrations (Bendahmane et al., 2016), therefore, we further hypothesized that
blocking mAChR activation would prevent any contextual dishabituation. All mice
(n=10) were implanted with bilateral olfactory bulb cannula and received infusions of the
mAChR antagonist scopolamine (1 mM) prior to one trial and infusions of vehicle
(Ringer’s solution) prior to another. Mice were counter balanced so that half received
vehicle first and the other half received scopolamine first. No effect of treatment was
found when comparing investigation duration at key time points (Minutes 0, 1, and 6) in
the habituation paradigm (2-way RM ANOVA: F(1,18) = 1.86, p = 0.19).
Following vehicle infusion, investigation behavior increased with odor (ethyl
valerate) onset and decreased throughout the odor presentation (RM ANOVA:
F(9,81)=10.71, p=0.0001; Minute 0 = 9.55 ± 1.14 s, 1 = 29.37 ± 2.38 s, 6 = 11.34 ± 1.90
s). Similar to the optogenetic ACh stimulation, changing the visual context in the seventh
minute of the odor presentation significantly increased investigation behavior for the next
three minutes (Minute 6 = 11.34 ± 1.90 s, 7 = 18.75 ± 2.39 s, 9 = 13.21 ± 2.43 s; Figure
3-6C, D). When the same mice were treated with OB scopolamine, investigation still
significantly increased with the initial odor presentation and decreased by Minute 6 (RM
ANOVA: F(9,81) = 14.26, p = 0.0001; Minute 0 = 8.96 ± 0.96 s, 1 = 24.19 ± 2.09 s, 6 =
9.36 ± 1.94 s), but the visual stimulation-mediated increase in odor investigation was
completely blocked (Minute 6= 9.36 ± 1.94 s, 7: 6.87 ± 1.19 s, 9: 11.14 ± 1.50; Figure
3-6C, D), indicating this form of dishabituation requires OB mAChR activation. To
verify that changing the visual context alone does not increase odor investigation
behaviors or that the effects seen are not due to changes in general arousal, we also
repeated experiment in non-cannulated mice (n=3) in the absence of odor and found no
changes in investigation after the context switch (paired t-test: t(2) = 0.09, p = 0.93;
Minute 6: 14.47 ± 2.67 s, 7 = 14.90 ± 2.13 s, Figure 3-6B).
Discussion
While previous studies have focused on the mechanisms underlying cortical
habituation and dishabituation of prolonged odor input (Wilson, 1998b, 1998a; Best and
Wilson, 2004; Best et al., 2005; Wilson, 2000; Smith et al., 2009), relatively little was
known about how the OB responds under these conditions. In this study, we
characterized the response pattern of M/T cell glomeruli and quantified the amount of
habituation that occurs during a continuous odor presentation. On average, glomerular
responses rapidly increased with odor onset and then slowly decreased to approximately
40% of their initial value until odor offset. The timecourse and the relative magnitude of
habituation are similar to those measured at both the input (Reisert and Matthews, 2001;
Madrid et al., 2003; Schafer et al., 2005) and output (Wilson, 2000) levels of the OB
during prolonged odor presentation. Based on this correspondence, and the results from
our previous glomerular habituation study (Ogg et al., 2015), it is likely that M/T cell
habituation is strongly influenced by reduced odor input from the periphery. However, an
fMRI study in rodents found that while OSN and OB habituation followed identical time
courses, OB responses were more reduced, suggesting additional mechanisms within the
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bulb also partially contribute to OB habituation (Schafer et al., 2005). In the insect
antennae lobe, this effect is mediated by increasing feedback inhibition from interneurons
(Larkin et al., 2010; Das et al., 2011; Ramaswami, 2014). Future studies are needed to
determine the extent to which different circuits contribute to OB habituation.
Multiple studies have demonstrated that OB ACh release and receptor activation
can increase both glomerular and M/T cell odor responses (Rothermel et al., 2014; Ma
and Luo, 2012; Castillo et al., 1999; Bendahmane et al., 2016). To test whether this effect
can reinstate habituated glomerular odor representations, we electrically stimulated the
cholinergic BF near the end of the odor presentation. Our imaging experiment showed
that 50 Hz BFS increased the magnitude of glomerular responses, but 5 Hz BFS had no
effect. Although direct optogenetic activation of BF cholinergic neuron soma at
frequencies as low as 5 Hz can elicit action potentials in brain slices, in vivo stimulation
at this low frequency had little to no effect on either inhibitory periglomerular or M/T cell
activity in the OB8.
To determine if this cholinergic effect in the OB could dishabituate odor salience
in awake, behaving animals, we used a newly developed olfactory investigation paradigm
coupled with OLS of OB cholinergic fibers in transgenic mice. Based on the frequencydependent effect seen in our imaging experiment, mice in the behavioral experiment
received OLS at 3 different frequencies: 5, 25, and 50 Hz. 25 and 50 Hz OLS
dishabituated odor investigation. Comparing these two higher frequency stimulations
revealed a frequency dependence of the duration of the dishabituating effect. However, in
both cases, in the minute following the stimulation, the amount of dishabituated odor
investigation was not significantly different than the amount of initial odor investigation,
possibly indicating that if a salient odor is detected, a stereotypical amount of time will be
spent investigating that odor, unaffected by the intensity of the stimulation. In our
paradigm, 5 Hz OLS had no effect on odor investigation. A study in awake rats found BF
firing rates during baseline conditions to be approximately 10 Hz (Devore et al., 2015). In
the context of these results, our 5Hz stimulation may be below resting BF firing rates and
does not drive cholinergic release above baseline conditions.
These experiments effectively demonstrated that artificially increasing OB ACh
can reinstate habituated odor responses and odor investigation, but it was still unclear
whether this cholinergic effect in the OB was ecologically valid. Multiple studies have
shown that hippocampal and cortical ACh levels rapidly rise in response to various novel
sensory stimuli, including contextual changes (Inglis and Fibiger, 1995; Giovannini et al.,
2001). Based on this, we performed the behavioral habituation experiment in another
group of mice, but instead of driving ACh release optogenetically, we used a more
naturalistic paradigm in which the visual context of the chamber was suddenly changed.
Visual stimulation increased odor investigation. The effect was not as strong as it was
with OLS, however the ACh change that occurs in the OB during the VS is unknown and
could be less intense than that driven by OLS. Alternatively, attention could have been
divided between exploring the new visual environment and the reinstated odor.
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The dishabituating effect of the sudden visual context change was blocked by
administration of scopolamine, a mAChR antagonist. We recently showed that
pharmacologically activating OB mAChR receptors increases glomerular odor responses
(Bendahmane et al., 2016). Though we did not address the mechanism underlying these
effects in this study, they are potentially mediated through muscarinic-2 ACh receptors
on interneurons in the glomerular layer (Liu et al., 2015; Pignatelli and Belluzzi, 2008). A
subset of these juxtaglomerular interneurons tonically inhibit OSNs (McGann et al.,
2005). This tonic inhibition reduces the gain of OSN excitatory drive onto M/T cells.
Following unexpected changes in the environment, we hypothesize that OB ACh release
decreases this presynaptic inhibition, increasing the strength of OSN input and enhancing
M/T cell responses. In order for an activity-dependent mAChR effect to play a role in our
longer-lasting behavioral experiments, input would still have to be coming into the OB
from the periphery. We only recorded glomerular odor responses for thirty seconds,
however prolonged activity was demonstrated by an fMRI study showing that activity in
the olfactory nerve and glomerular layers is reduced, but present even after 10 minutes of
odor presentation (Schafer et al., 2005). Additionally, none of our cholinergic
manipulations were effective at reinstating investigation unless odor was present.
Our experiments showed that ACh can quickly alter glomerular odor responses
and shift habituated animals into active investigatory behavior. The BF cholinergic
system has been thought to act slowly and globally within the brain (Sarter et al., 2016).
However, more recently it has been shown that fast, local ACh release in specific cortical
regions can have a major impact on sensory processing (Pinto et al., 2013) and signal
detection (Gritton et al., 2016) on a time scale of seconds. Signal detection studies
suggest that phasic cholinergic signaling can arise from local excitation of cholinergic
terminals within the cortex, independent of direct BF activation (Parikh et al., 2007,
2008; Sarter et al., 2009; Gritton et al., 2016). However, given that our behavioral
dishabituation effect can be mediated via novel non-olfactory sensory cues, it is likely
that the rapid cholinergic dishabituation we observe in the OB is driven by excitatory
afferent input into the BF from other brain regions involved in sensory processing or
novelty detection.
While the BF receives input from many brain regions (Carnes et al., 1990; Hu et
al., 2016), the locus coeruleus (LC) stands out as a region of interest for future studies.
The LC projects noradrenergic fibers to the BF (Jones and Moore, 1977; Jones and
Cuello, 1989; Carnes et al., 1990; España and Berridge, 2006) and can excite BF
cholinergic neurons (Fort et al., 1995). LC neurons are activated by novel objects
(Vankov et al., 1995) and sensory stimulation (Foote et al., 1980; Aston-Jones and
Bloom, 1981), such as light flashes, and have been hypothesized to drive arousal-induced
attentional processing through BF circuits (Berridge and Waterhouse, 2003).
Interestingly, the only other report of olfactory dishabituation in the literature involves a
noradrenergic mechanism within the piriform cortex (Smith et al., 2009). It is possible
that the dishabituating cholinergic effects we observe represent an additional pathway by
which the LC mediates dishabituation in response to novel environmental stimuli.
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In summary, this study revealed a novel dishabituating role for rapid ACh release
at the first synapse within the olfactory pathway, which is necessary and sufficient to
change the behavioral salience of sensory input. Here we demonstrated, for the first time,
that prolonged odor input leads to decreased mitral/tufted (M/T) cell glomerular
responses and that these responses can be reinstated following brief activation of the
cholinergic BF. This effect can be replicated in awake, behaving mice through
optogenetic activation of cholinergic fibers in the OB alone. Furthermore, we showed that
this effect is ecologically valid as blocking mAChR activation in the OB blocks visual
context change-induced dishabituation.
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CHAPTER 4. RESPONSE PATTERNS OF MITRAL AND TUFTED CELLS
DIFFER DURING AND AFTER A PROLONGED ODOR STIMULATION
Introduction
The axons of olfactory sensory neurons (OSN) in the nasal epithelium carry odor
information into the olfactory bulb (OB), synapsing onto glomeruli, the dendrites of
interneurons and output cells of the bulb. In addition to these dendritic clusters, the
glomerular layer contains the cell bodies of the juxtaglomerular cells: glutamatergic
external tufted (ET) cells and GABAergic periglomerular and short axon cells. These
interneurons do not project outside of the olfactory bulb, though some have intrabulbar
projections. The cell bodies of the output cells, tufted and mitral (M), are located in the
external plexiform layer (EPL) and the mitral cell layer, respectively. In addition to
extending apical dendrites into the glomerular layer, both mitral and tufted cells extend
lateral dendrites through the EPL where they make synaptic contact with the lateral
dendrites of the GABAergic interneurons, granule cells. This diverse range of OB cell
types forms a complex, multilayered odor processing network and the response of a given
OB cell to odor input is therefore not only determined by axodendritic OSN input, but by
its dendrodendritic connections with other excitatory and inhibitory cells in the network.
The excitatory cells of the olfactory bulb, ET interneurons and the output cells,
superficial tufted (ST) and M cells, are distributed from superficial to deeper portions of
the OB (Shipley and Ennis, 1996; Nagayama et al., 2014). In addition to their physical
location, many other characteristics of these cells form a gradient from ET to M,
including the presence, length, and location of lateral dendrites, their sensitivity to
axodendritic input (e.g. odor sensitivity, response latency, spike threshold), and their
sensitivity to excitatory and inhibitory dendrodendritic input (Schneider and Scott, 1983;
Nagayama, 2004; De Saint Jan et al., 2009; Igarashi et al., 2012; Kikuta et al., 2013;
Vaaga and Westbrook, 2016, 2017)
Our previous study of olfactory bulb glomerular activity during prolonged odor
input indicated that the response pattern is relatively stable: odor input causes an initial
sharp increase in activity which habituates throughout the presentation and declines
rapidly after the odor stops (Chapter 2). Recording in these postsynaptic dendritic tufts,
we saw almost no variation from this basic pattern, with only subtle changes in the rate of
habituation across trials (Figure 3-2B).
To address how the gradient of functional characteristics among the three
excitatory cell types affects their response to a stereotypical pattern of prolonged odor
input, we used 2-photon microscopy to record in vivo calcium responses to a thirtysecond odor presentation in OSN axons and ET, ST, and M cell soma. The responses of
tufted cells, which are more sensitive to axodendritic than dendrodendritic input, are
correlated with OSN input and have a similar pattern, regardless of odor identity. In
contrast, the responses of M cells, which are more sensitive to excitatory and inhibitory
dendrodendritic modulation, displayed several different patterns, both during and after
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the odor presentation. We discuss how these response patterns may relate to the
functional characteristics of the cell types and what they may mean for odor
coding/perception.
Methods
Adult male and female mice were used for all experiments. Mice were grouphoused and maintained on a 12-h light-dark cycle with ad libitum food and water. All
methods were carried out in accordance with relevant and approved guidelines and
regulations. All experimental protocols were approved by the University of Tennessee
Institutional Animal Care and Use Committee.
Mouse Strains
To image odor responses in the axons of olfactory sensory neurons, mice were
generated by crossing B6 mice expressing Cre recombinase under the olfactory marker
protein, Omp, promoter (129P2-Omptm4(cre)Mom/MomJ; Jax Stock No: 006668) with
B6 mice with a floxed green fluorescent Ca2+indicator GCaMP3 (129SGt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J; Jax Stock No: 014538). To image odor
responses in tufted cells, mice were generated by crossing FVB/N mice expressing Cre
recombinase under the Thy1 promoter (FVB/N-Tg(Thy1-cre)1Vln/J; Jax Stock No:
006143) with B6 mice with a floxed green fluorescent Ca2+indicator GCaMP3 (129SGt(ROSA)26Sortm38(CAG-GCaMP3)Hze; Jax Stock No: 014538). To image odor
responses in mitral cells, we used a transgenic Thy1-GCamp3 line (B6;CBA-Tg(Thy1GCaMP3)6Gfng/J; Jax Stock No: 017893) and a transgenic Thy1-GCamp6 line
(C57BL/6J-Tg(Thy1-GCaMP6s)GP4.12Dkim/J; Jax Stock No. 025776).
Surgery
Mice were anesthetized with urethane (2 mg/kg, i.p.) and given an injection of
methyl scopolamine (0.05 mg/kg, i.p) to prevent nasal congestion. Mice were secured in
a custom stereotaxic apparatus (Narishige) with a heating pad underneath to maintain
body temperature. To create an imaging window, a skin incision was made over the
dorsal surface of the mouse head and the bone overlying the OBs was removed using a
dental drill. The surface of the brain was covered with a 1% agarose solution and topped
with a glass coverslip to limit movement artifact. The coverslip was fixed into place with
dental cement to create a well for imaging. During imaging sessions, animals were freely
breathing and the respiratory rate was monitored from the respiratory oscillation observed
in the odor-evoked GCaMP3/6 odor-evoked signal.
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Odor Presentation
Odors [amyl acetate, benzaldehyde, ethyl tiglate, ethyl valerate, 2-heptanone, 2hexanone, and methyl valerate (Sigma-Aldrich)] were delivered for 30 s/trial using a
flow-dilution olfactometer previously described (Fletcher et al., 2009). Separate flow
controllers for the clean air and the pure odorant vapor were used to mix the flow streams
at the end of the odor delivery system to achieve an approximate concentration of 1%
saturated vapor (s.v.) at a flow rate of 0.7 L/min. In cases where there was more than one
trial/animal, odor presentations were separated by more than 11 minutes, based on a
previously determined recovery rate (Ogg et al., 2015).
Optical Imaging and Cell Identification
Imaging was performed on a Zeiss 7MP 2-photon microscope equipped with a
Zeiss 20x objective. Individual cells could easily be identified in resting fluorescence
images. ROIs were manually drawn around all cells within an imaging region and raw
fluorescence traces for the entire duration of each trial were collected offline using
ImageJ.
Imaging depth and cell diameter were used to identify cell type (references). If a
cell was in the glomerular layer and had a diameter < 15 μm, it was classified as an
external tufted cell. We cannot rule out the possibility that a small subset of these cells
are periglomerular or short axon cells that expressed the Thy1 marker. If a cell was in the
outer EPL and had a diameter ≥ 15 μm, it was classified as a superficial tufted cell. In the
literature, these cells are sometimes referred to as external tufted cells with lateral
dendrites or middle tufted cells (Nagayama et al., 2014). Cells in the mitral cell layer
were classified as mitral cells.
Analysis
All analysis was performed in R (version 3.3.2; R Core Team, 2016).
Data Preparation. All raw fluorescence traces were compiled, interpolated to the
fastest frame rate (t = 0.125 s) using the spline function, and smoothed using the features
function. Cells were selected for analysis if they responded above the mean ± 6 SD of the
pre-odor resting fluorescence value. Cells with highly erratic responses by visual
inspection were excluded. For equivalent comparison across animals and trials, a custom
algorithm was written and used to determine the earliest response in each trial and all
trials were aligned by the frame before the earliest determined response. The relative
change in fluorescence (ΔF/F) was calculated by dividing each trace by its mean pre-odor
resting fluorescence. The absolute value of the minimum value and the maximum value
were compared, and responses were classified as excitatory and inhibitory based on
which value was larger. Traces were normalized by dividing by the maximum or
minimum value for excitatory and inhibitory responses respectively.
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Statistics. Statistical significance was defined as p ≤ 0.05.
Results
To establish the pattern of prolonged odor input into the bulb, we imaged 30-s
odor responses in OMP-GCaMP3+ mice. Regions of interest included all the labeled
OSN axons in each glomerulus, so each recorded signal/trace is an average of the
response of many input cells. The response pattern of OSN glomeruli (n=7) is very
similar to the pattern we recorded previously in postsynaptic glomeruli (Figure 4-1A and
Figure 3-2B).
To determine if this prolonged odor pattern is conserved or transformed in other
OB cell types, we imaged 30-s odor responses in Thy1-GCaMP3/6+ mice from the soma
of ET (n = 83), ST (n = 62), and M (n = 381) cell-odor pairs. As illustrated in the
population averages of Figure 4-1, the OSN odor pattern (Figure 4-1A) is conserved in
the tufted cell population response patterns (Figure 4-1B, C) and transformed in the M
cell pattern (Figure 4-1D). Individual responses are shown in Figure 4-2.
Electrophysiological studies in rat and mouse OSNs indicate that individual input cells
respond to thirty seconds of odor in a tonic or phasic manner (Reisert and Matthews,
2001; Madrid et al., 2003), and the variation seen across individual tufted cell responses
(Figure 4-2A) corresponds well to a hypothetical mixture of tonic and phasic OSN input.
Individual M cell responses (Figure 4-2B) show a much wider range of variation.
To quantify the relationship between OSN input and the other cell type responses,
the correlation coefficient (r) between each OSN response and each ET, ST, and M
response was calculated. The correlation matrices for each cell type group are represented
in Figure 4-3. For analysis, all of the r values in each matrix were transformed to zscores and the mean for each population was transformed back to an r value. This
correlation analysis revealed strong positive correlation between OSN input and ET (r =
0.67, Figure 4-3A) and ST (r = 0.62, Figure 4-3B) responses. In contrast, OSN
responses were not correlated with M cell responses (r = 0.07; Figure 4-3C).
To further characterize responses, we analyzed all of the individual responses
using PCA (Figure 4-4). The first two components account for over 85% of the total
variation in response patterns and were used for further comparison. The first component
(PC1) represents the overall breadth of the response (from broadly inhibited to transiently
activated to broadly activated) and the second component (PC2) indicates whether a
response is strongest at its beginning or end. Shapiro-Wilk normality tests demonstrate
that neither PC1 (W = 0.85, p < 0.05) nor PC2 (W = 0.97, p < 0.05) are normally
distributed, therefore non-parametric analyses were used. Krukal-Wallis tests on PC1
(H(2) = 31.20, p < 0.05) and PC2 (H(2) = 205.46, p < 0.05) detected significant variation
of cellular responses. Post-hoc Nemenyi tests showed that mitral cells differed from both
tufted cell populations along both component axes (Table 4-1 and Table 4-2).

39

Figure 4-1. Population response patterns of different OB cell types during a
prolonged odor presentation.
The average fluorescence trace (% of maximum/minimum response ± SE) during a 30-s
odor presentation recorded in (A) olfactory sensory neuron (OSN), (B) external tufted
(ET), (C) superficial tufted (ST), and (D) mitral (M) cell-odor pairs. Responses were
normalized by their maximum or minimum value for excitatory and inhibitory responses
respectively.
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Figure 4-2. Individual responses of different OB cell types during a prolonged
odor presentation.
Individual normalized odor responses sorted by mean response value recorded from A)
external tufted (ET; top panel), superficial tufted (ST; bottom panel), and (B) mitral (M)
cell-odor pairs. Responses were normalized by their maximum or minimum value for
excitatory and inhibitory responses respectively. Each row represents one cell-odor pair,
with time along the horizontal axis. The vertical black lines indicate odor on- and offset.
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Figure 4-3. Tufted cells are positively correlated with OSN input during a
prolonged odor presentation, but mitral cells are not.
Correlation matrices illustrating the relationship between olfactory sensory neuron (OSN)
responses and (A) external tufted (ET), (B) superficial tufted (ST), and (C) mitral (M)
cell responses. The color of each cell represents the correlation coefficient (r) between the
response of an individual OSN and the response of an individual cell of another type.
Above each matrix is displayed the mean of all the correlation coefficients in each matrix
and the mean response of the groups being compared.
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Figure 4-4. Principal component analysis (PCA) of individual responses of
different OB cell types.
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Table 4-1.
P-values from the post-hoc Nemenyi test comparing PC1 values
among the different OB cell types.
Cell Type
M
ST

ET
< 0.05
0.49

M
< 0.05

Table 4-2.
P-values from the post-hoc Nemenyi test comparing PC2 values
among the different OB cell types.
Cell Type
M
ST

ET
< 0.05
0.38
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M
< 0.05

The general pattern of the tufted cells (Figure 4-1B, C), with a transient response
profile and a strong beginning-to-end ratio, likely reflects the sensitivity of these cell
types to axodendritic OSN input. Compared to M cells, ET and ST cells have a lower
firing threshold and more OSN synaptic contacts, which results in a larger fast excitatory
postsynaptic current over a range of stimulations in slice experiments and causes tufted
cells to fire more rapidly earlier and over a wider range of concentrations than mitral cells
in vivo (Schneider and Scott, 1983; Nagayama, 2004; De Saint Jan et al., 2009; Najac et
al., 2011; Igarashi et al., 2012; Kikuta et al., 2013; Vaaga and Westbrook, 2016, 2017).
Inspection of the response heatmaps (Figure 4-2), correlation plots (Figure 4-3)
and PCA plot (Figure 4-4) indicate that while some M cell responses seem to be highly
correlated with OSN input and have a similar pattern to that of the tufted cells, there is
additional variation in this population. To resolve this variation, we used k-means cluster
analysis on the PCA components to sort M cell responses into commonly occurring
patterns. We found three main groups of responses: decreasing (dM, n = 80; Figure
4-5A), increasing (iM, n = 99; Figure 4-5B), and sustained (sM, n = 192; Figure 4-5C).
In addition, a small group of M cells were inhibited (hM, n =10; Figure 4-5D). KruskalWallis (PC1 (H(5) = 268.17, p < 0.05); PC2 (H(5) = 396.93, p < 0.05)) and post-hoc
Nemenyi (Table 4-3 and Table 4-4) tests were run with the new groups and indicate
significant differences from the other cell types. The M responses, organized by pattern,
are plotted in PCA space for comparison (Figure 4-6).
Different response patterns can be found among mitral cells in the same imaging
window to the same odor (Figure 4-7A, B, and C). Differences like these have been
shown previously for sister mitral cells, which share glomerular input (Dhawale et al.,
2010). Furthermore, individual mitral cells can have different response patterns to
different odors (Figure 4-7). These findings imply that the differences among mitral cell
responses reflect the sensitivity of mitral cells to network processing, both excitatory and
inhibitory, rather than individual properties of the mitral cells themselves.
Like those of ET and ST cells, dMC responses (Figure 4-5A) emerged quickly,
peaked early, and then decreased throughout the odor presentation. Post-hoc Nemenyi
tests indicate that dMC responses are as transient (Table 4-3) as tufted cell responses and
have the same strong beginning to end ratio (Table 4-4). Najac et al. found that
stimulation of OSN axons close to a cell’s glomerulus evoke a fast, monosynaptic OSN
EPSC in both ET and M cells (2011). With more distant stimulation, this fast component
is still present in ET cells, but is missing in M cell responses, which instead display only
slow-rising EPSCs at varying latencies. Perhaps dMC responses, with faster onset than
the other response types, are recorded from mitral cells whose glomeruli are being
strongly activated by OSN input.
The most common response pattern in M cells are the sustained responses (Figure
4-5C). The sM pattern is significantly broader than that of the other cell types (Table
4-3). M cells cannot evoke EPSCs in ET cells, but ET, ST, and even other mitral cells
have been shown to evoke EPSCs in M cells (De Saint Jan et al., 2009; Najac et al.,
2011). Westbrook et al. have demonstrated that M cells respond to brief afferent
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Figure 4-5. Population response patterns of different groups of mitral cell
responses during a prolonged odor presentation.
The average fluorescence trace (% of maximum/minimum response ± SE) during a 30-s
odor presentation recorded in (A) decreasing (dM), (B) increasing (iM), (C) sustained
(sM), and (D) inhibited (hM) mitral cell-odor pairs. Responses were normalized by their
maximum or minimum value for excitatory and inhibitory responses respectively.
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Table 4-3.
P-values from the post-hoc Nemenyi test comparing PC1 values
among the different OB cell types and mitral cell groups.
Cell Type
hM
iM
sM
ET
ST

dM
0.22
0.08
< 0.05
0.46
0.07

hM
< 0.05
< 0.05
< 0.05
< 0.05

iM
< 0.05
0.98
1.0

sM
< 0.05
< 0.05

ET
0.92

Table 4-4.
P-values from the post-hoc Nemenyi test comparing PC2 values
among the different OB cell types and mitral cell groups.
Cell Type
hM
iM
sM
ET
ST

dM
< 0.05
< 0.05
< 0.05
0.21
0.95

hM
0.99
0.29
< 0.05
< 0.05
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iM
< 0.05
< 0.05
< 0.05

sM
< 0.05
< 0.05

ET
0.86

Figure 4-6. Principal component analysis (PCA) of individual responses of
different OB cell types and mitral cell groups.
The PCA is the same as in Figure 4-4 with differences among the mitral cell groups
highlighted.
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Figure 4-7. Normalized responses of mitral cells to different odors.
(A-C) Cells in the same field of view. (D) Cell from a different animal. Odor identity is
represented by color (ethyl tiglate, ET; methyl valerate, MV; 2-hexanone, Hex; amyl
acetate, AA; benzaldehyde, BZ).
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stimulation with more sustained responses than ET cells, due to a longer and stronger
mGluR1 current from dendrodendritic input (2016, 2017).
In addition to measuring activity during the 30-s odor presentation, we also
measured activity for three seconds after the odor presentation was complete. We used
the Mann-Kendall test for monotonic trends, as well as visual inspection, to determine if
a response began to decrease, increase, or stay the same after the odor presentation ended
(Table 4-5). The majority of ET (n=79) and ST (n = 49) cell-odor responses were already
off or began to decrease once the odor went off. Of these responses, 75% and 77% of
cells had returned to baseline (≤ 0.1) by the final recording time point. However, less than
half of M responses (n = 176) displayed this decreasing behavior and a much smaller
proportion of these responses (18%) returned to baseline (≤ 0.1) by the final recording
time point.
Continued activity after the odor presentation has been recorded previously in the
OB (Matsumoto et al., 2009; Patterson et al., 2013; Adam et al., 2014; Economo et al.,
2016). The same mGluR1 current found to sustain the MC response during the odor
response (Vaaga and Westbrook, 2016, 2017), has also been implicated in prolonging the
response of M/T cells after the odor presentation, in a phenomenon termed persistent
afterdischarge (PAD; Matsumoto et al., 2009). PAD was almost nonexistent in ET
responses (n = 1), but was present in equivalent proportions in the ST (n = 8) and MC (n
= 63) populations (X2(1) = 0.62, p = 0.43), both of which extend lateral dendrites and
have more potential for dendrodendritic input than ET cells.
Increased activity, or OFF responses, after the odor presentation have also been
observed (Matsumoto et al., 2009; Patterson et al., 2013; Adam et al., 2014; Economo et
al., 2016). Less than 10% of ET (n = 3) and ST (n = 5) cells displayed OFF responses, but
OFF responses were much more common in M cells (n = 142). This could reflect the
sensitivity of M cells to the inhibitory networks of the bulb (Nagayama, 2004; Kikuta et
al., 2013; Adam et al., 2014; Economo et al., 2016). M cells with OFF responses are most
likely inhibited throughout the odor presentation and then released from inhibition once
the cells inhibiting them go off. Indeed, M cells with OFF responses have a significantly
lower response throughout the odor presentation than M cells without OFF responses
(Figure 4-8A).
In addition to having more OFF responses, M cells also display patterns not seen
in the ET and ST responses: the hM pattern (Figure 4-5D), in which responses are
inhibited throughout the odor presentation, and the iM pattern (Figure 4-5B), in which
responses are increasing throughout the odor presentation and peaking late or even after
the odor ends. These patterns may also be due to the influence of the inhibitory networks
on M cells. During the odor presentation, hM responses are inversely correlated with sM
responses (r = -0.72; Figure 4-8B), and could reflect M-excited granule inhibition
(Nagayama et al., 2014). Ramping cells are most likely inhibited at the beginning of the
odor presentation by ET-excited PG inhibition (Hayar et al., 2004; Adam et al., 2014)
which habituates throughout the odor presentation, eventually allowing excitation to
overcome the inhibition. In our data, following the average peak of the ET response, the
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Table 4-5.
The percentage (and number) of cell-odor pairs displaying each kind
of post-odor response.
Cell Type
ET
ST
dM
hM
iM
sM

Decrease
95% (79)
79% (49)
49% (39)
80% (8)
12% (12)
61% (117)

Post-Odor Response
Steady (PAD)
1% (1)
13% (8)
11% (9)
0% (0)
23% (23)
16% (31)
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Increase (OFF)
4% (3)
8% (5)
40% (32)
20% (2)
65% (64)
23% (44)

Figure 4-8. Inhibition affects mitral (M) cell responses during and after the odor
presentation.
(A) The average fluorescence traces (% of maximum/minimum response ± SE) of mitral
(M) cells that have OFF responses and those that do not. The response of all the cells was
compared at each time point with an ANOVA and the thin red line represents the p-value
(x 100). The dashed black line represents significance. The responses of M cells that have
OFF responses are significantly lower during the odor presentation and significantly
higher after the odor presentation than the responses of cells that do not have OFF
responses. (B-C) Correlation matrices illustrating the relationship between (B) inhibited
M (hM) and sustained M (sM) cell responses and (C) external tufted (ET) and increasing
M (iM) cell responses as in Figure 4-3. The correlation was assessed only across the time
points represented between the dotted black lines above each matrix.
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negative correlation between ET and iM responses (r = -0.73) is very strong (Figure
4-8C).
To find out more about what these temporal patterns might mean for odor coding,
we investigated the behavior of several cells which responded to more than one odor in
an imaging session (n = 1 ET, 11 ST, 44 MC). Because tufted cells tend to respond in a
similar way both during and after the odor presentation, correlation tests indicate that
even the response of individual tufted cells to different odors is highly correlated (r =
0.81, n = 14 correlations; Figure 4-9). In contrast, while the response of individual mitral
cells to the same odor (r = 0.85, n = 7 correlations; Figure 4-10) is also highly correlated,
their response to different odors (r = 0.59, n = 73 correlations; Figure 4-10) is
significantly less correlated (Welch t(11) = 3.8, p < 0.05).
Discussion
In summary, 2P imaging of prolonged odor responses revealed major differences
between mitral and tufted cells. In general, the OSN input signal was conserved in the
tufted cell response patterns. Information from tufted cells clearly delineated when an
odor began and ended, but provided less information about odor identity. Mitral cell
responses had more variation, and while some M responses adapted like those of tufted
cells, others amplified OSN input throughout and even after the odor presentation. Mitral
cell patterning reflects differential activation of the excitatory and inhibitory networks of
the OB for each odor and different connections with these networks for each cell. Such
differences have also been observed in imaging studies with shorter odor presentations
(Adam et al., 2014; Economo et al., 2016) and many have suggested that mitral and
tufted cells serve as “distinct, but parallel, input pathways” (Vaaga and Westbrook,
2016).
The ET cells we recorded from do not project out of the OB (Nagayama et al.,
2014), but their activity strongly affects mitral patterns, prolonging some responses
through dendrodendritic mGluR1 activation (Vaaga and Westbrook, 2016, 2017) and
altering the shape of others through activation of intraglomerular inhibition (Hayar et al.,
2004; Adam et al., 2014; Economo et al., 2016). Most ST cells project to focal targets in
the olfactory tubercle (Nagayama, 2010) and olfactory peduncle areas (anterior olfactory
nucleus and tenia tecta) (Igarashi et al., 2012). Both the tubercle (Wesson and Wilson,
2011) and the peduncle (Brunjes et al., 2011) are connected to areas associated with
attentional modulation. The tufted cell response pattern to prolonged input, which is
strong at the beginning and habituates throughout the presentation, could be a neural
correlate to odor attention. Nagayama suggested that “the tufted cell pathway may have a
critical function in monitoring the odor environment and changing animal behavioral
states in response to external environmental changes” (2010). Further, through
association fibers from the peduncle to the piriform cortex (pCx) short-latency tufted cell
responses could be priming the pCx for incoming information from mitral cell responses
(Mori et al., 2013).
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Figure 4-9. Normalized responses of superficial tufted cells to different odors.
(A-B) Cells in the same animal and different fields of view. (C-D) Cells from different
animals. Odor identity is represented by color (ethyl tiglate, ET; 2-hexanone, Hex; 2heptanone, Hep; methyl valerate, MV; ethyl valerate, E5).
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Figure 4-10. Normalized responses of mitral cells comparing their responses to the
same and different odors.
(A-D) All cells are in the same field of view. Odor identity is represented by color (ethyl
valerate, E5; ethyl tiglate, ET).
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Individual mitral cells project widely across the pCx (citations) and individual
pyramidal cells in the pCx receive input from M cells all over the OB (citations). pCx
cells could be integrating or comparing the various mitral cell patterns we observed to
create an “accurate odor image” (Nagayama, 2010). In addition to aiding in odor
discrimination, variable mitral cell patterns may contribute to the maintenance of odor
information across the prolonged odor presentation. Wilson and colleagues have
identified a presynaptic inhibitory feedback mechanism that emerges after at least 10 s of
odor stimulation and silences the M-pCx synapse (Best and Wilson, 2004). The different
M patterns we observed shift which cells in an odor ensemble are active at a given time,
potentially extending the amount of time that the pCx can “listen” to odor information.
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CHAPTER 5.

CONCLUSIONS AND FUTURE DIRECTIONS

In the study presented in Chapter 2, calcium imaging showed that a prolonged
odor presentation habituates OB glomerular responses to both the same and structurally
similar odors for minutes. Experiments using olfactory nerve stimulation demonstrated
that, postsynaptically, M/T dendrites can still be activated and, presynaptically, glutamate
is available and able to be released effectively from the OSN terminals, indicating that
the glomerular response decreases were most likely the result of adaptation processes
taking place in the periphery. The imaging results in Chapter 3 demonstrated that
prolonged odor input not only habituates subsequent odor responses, but leads to
decreased M/T glomerular responses during the presentation as well. Widefield imaging
was used in these chapters and the results reflect the mean response of dendrites from
both mitral and tufted cells. The work from Chapter 4, using 2-photon imaging, revealed
that, unlike the glomerular responses, the soma responses of mitral and tufted cells can be
quite different from each other during a prolonged odor presentation. These results
indicate that the neural encoding of odor experience in the OB is more complex than
progressive filtering of odor information over time.
The imaging and behavioral experiments in Chapter 3 confirmed the hypothesis
that ACh release in the OB could dishabituate glomerular responses during prolonged
odors and, as a result, allow the stimuli to be detected and investigated again. Further,
these experiments demonstrated that this cholinergic dishabituation mechanism in the OB
occurs naturally in response to non-olfactory sensory stimulation. Together, these results
indicate that the neural encoding of odor experience in the OB and its manipulations can
have a strong effect on the perceptual salience of an odor.
The findings from Chapter 4 highlight the differences between mitral and tufted
cell responses to prolonged odor exposure and raise interesting questions about how the
responses of these cell types might differ in their recovery from habituation (as in
Chapter 2) and in their response to acetylcholine during an odor presentation (as in
Chapter 3). Further, with their projections to different parts of the olfactory cortex, is the
neural dishabituation of one cell type more important for behavioral dishabituation than
the other, or do both play a role?
All of the imaging results presented in this dissertation were recorded in
anesthetized animals. The development of awake head-fixed OB imaging (Kato et al.,
2012; Kollo et al., 2014; Economo et al., 2016) and fluorescent miniscopes (Ghosh et al.,
2011; Cai et al., 2016), which allow animals to move freely while imaging is taking place
at a cellular level and can access deeper brain regions, provide a clear future direction for
this work. The odor investigation paradigm developed in Chapter 3 can be coupled with
these newer imaging techniques to further explore habituation and dishabituation, not
only in the olfactory bulb, but in places to which the OB projects, like the olfactory
tubercle, and areas which may be involved in dishabituation, such as the basal forebrain
and the locus coeruleus.
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